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Abstract: 
Polymer-polymer composite nanoparticles allow both the improvement of the performance in 
stablished applications of waterborne polymer dispersions and targeting new applications that are 
out of reach of currently available products. The performance of these materials is determined by 
the particle morphology. To open the way to process optimization and on-line control of the 
particle morphology, the capability of the recently developed model to predict the evolution of 
the particle morphology during seeded semibatch emulsion polymerization process was 
evaluated. Structured polymer particles were synthesized by copolymerization of styrene and 
butyl acrylate (St-BA) on methyl methacrylate and butyl acrylate (MMA–BA) copolymer seeds 
of different Tgs. The model captured well the effect of process variables on the evolution of the 
particle morphology, opening the way to the design and implementation of optimal strategies. 
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1. Introduction 
Multiphase polymeric nanoparticles that synergistically combine the properties of their 
constituents present enhanced properties and display new functionalities. This opens a wide 
range of applications for waterborne dispersions including anticorrosive[1,2], 
superhydrophobic[3] and anti-fungal coatings[4], switchable adhesives[5], photo-switchable 
fluorescent particles[6], energy storage[7,8], gene and drug delivery[9–11], anti-
counterfeiting[12] and LEDs[13]. The production of these particles with defined morphology is 
of great interest, as it is recognized that application properties strongly depend on the 
morphology of the synthesized structured latex[14,15]. 
The most common method to synthesize polymer-polymer composite particles is seeded semi-
batch emulsion polymerization. During the polymerization, the particle morphology forms as a 
result of phase separation of the second stage polymer that is usually incompatible with the 
polymer in the seed. Thermodynamics defines the equilibrium morphology, which corresponds 
to the minimum surface energy, and in a two-phase polymer-polymer system the morphology 
can be either core-shell[16,17], inverted core-shell[18,19] or hemispherical[20–22]. Kinetically 
metastable morphologies (non-equilibrium) are reached as a result of hindered movement of the 
clusters due to the high internal viscosity of the particles.[14,23–29]. The internal viscosity 
depends on the molecular weight, crosslinking density and glass transition temperature (Tg) of 
the seed polymer, the polymerization temperature, and the amount of free monomer in the 
reactor (monomer acts as plasticizer).  
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The effect of the internal viscosity is reinforced when the second stage polymer is produced in a 
position that is far from where it will be under equilibrium conditions. The position where the 
polymer is formed depends on the radical and monomer concentration profiles in the particles. 
Often flat concentration profiles of monomer and radicals within the polymer particles are 
considered in emulsion polymerization[30–35]. However, in processes carried out at 
temperatures lower than the Tg of the seed and under severe starved conditions, the 
concentration of monomer near the particle surface may be greater than in the interior of the 
particles[36,37]. On the other hand, Grancio and Williams[38] proposed the existence of a 
decreasing concentration profile of radicals within the polymer particles when water soluble 
initiators were used. The rationale behind this is that the radicals entering into the particle have a 
hydrophilic segment (many contain a charged inorganic moiety) that is anchored to the surface of 
the particle and therefore their movement towards the center of the particle is restricted.[39] 
Computer simulations show that decreasing radical concentration profiles can also be produced 
when hydrophobic radical (e.g. tert-butoxy radicals) enter the particles from the aqueous phase 
(see Supporting Information). In this case, the concentration profile is the result of the slow 
diffusion of the entering radical due to its rapid growth. It was early recognized that this profile 
could affect particle morphology[40] and this has been confirmed later. [41] 
The effect of the decreasing profiles of radical concentration is expected to be stronger for 
inverted core-shell equilibrium morphologies where the second stage polymer is substantially 
more hydrophobic than the seed. In this case, the radical concentration profile restricts the 
formation of the second stage polymer to a region close to the surface of the particle and hence 
the hydrophobic polymer is produced far from the equilibrium position (center of the particle). 
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Sundberg and coworkers[37,42–46] have published a series of articles where the effect of the 
variables discussed above on particle morphology is clearly shown. Thus, the effect of the Tg of 
the seed polymer was studied using seeds of PMMA/PMA with Tgs ranging from 52 to 98C 
and PS as the second stage polymer. It was shown that when the Tg of the seed was higher than 
the reaction temperature, the polystyrene stayed on the surface of the particles and by decreasing 
the Tg of the seed to 52C, the polystyrene clusters penetrated into the matrix. However, even at 
such low Tg of the seed, the inverted core-shell equilibrium morphology was not obtained.[43] 
The effect of the initiator end group (charged vs. uncharged) was studied finding that under most 
conditions, the type of end group was not the dominant effect in determining the particle 
morphology.[44] Chain transfer agents can make the radical concentration profile flatter 
allowing penetration of the radicals to the interior of the particles and therefore enhancing the 
distribution of the second-stage polymer throughout the latex particles[47]. 
In some cases, particle morphologies far from equilibrium are desired. This is the case of multi-
lobed particles that can be used as thickeners[48]. A way to do this is by using a crosslinked 
seed[49], but the crosslinked polymer may interfere with application properties.  Blenner et al. 
[50] outlined the key factors for achieving multi-lobed polymer composite latexes with a non-
crosslinked seed. The first criterion is that the radicals should not penetrate in the seed and the 
second stage polymer should be more hydrophobic than the seed. If these conditions are fulfilled, 
the particle morphology is controlled by the difference between the reaction temperature and the 
Tgs of the seed and second phase polymer. A guiding morphological map is provided. The map 
shows that if the second stage polymer is soft at the reaction temperature, the lobes can move and 
coagulate between themselves to decrease the surface energy leading to the formation of well-
defined lobes. On the other hand, a glassy second stage polymer stays were it forms and a shell 
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of the second stage polymer with a rough surface is formed. Stubbs et al. showed that penetration 
of oligomeric radicals and phase separation followed by phase domain consolidation is 
kinetically controlling the morphology. Occluded non-equilibrium morphologies were obtained 
in the case that the penetration of the radicals and phase separation were possible and the 
separated phase domains were partially rearranged via coalescence.[51] 
The works discussed above provide a nice qualitative guide for the effect of the operation 
variables on the final particle morphology. However, this may not be enough to successfully 
produce products with target morphology in an industrial process. Emulsion polymerization is an 
extremely competitive business where reaching the desired morphology does not guarantee 
success as other aspects as operation cost, safety and process time are critical. It has been already 
demonstrated in silico [52] that the optimal emulsion polymerization process to achieve the 
desired particle morphology taking into account aspects as equipment limitations, safety and 
process time is a complex strategy that is unlikely that can be designed only using the guide 
mentioned above. Even if a suboptimal strategy is obtained based on extensive experimental 
work with the help of the qualitative guide, the practical implementation will be restricted to 
open loop control, which cannot cope with unexpected uncertainties often encountered in real 
practice. Close loop control would be preferable, but there are no devices available for on-line 
monitoring of the particle morphology and particle morphology is not observable from other 
online available measurements.  
Both process optimization and close-loop control will be possible if a mathematical model for 
the evolution of the particle morphology is available. The model can be directly used in 
optimization algorithms and as a “soft” sensor in on-line monitoring. A model for the 
development of the morphology of composite particles has been recently proposed[53] and has 
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been validated for polymer-inorganic materials[54], but its performance in polymer-polymer 
systems remains to be demonstrated. 
In an attempt to pave the way to process optimization and on-line control, this work aims at 
evaluating the capability of the model to describe the evolution of the particle morphology 
during seeded semibatch emulsion polymerization, which is the most widely used process for the 
polymerization of waterborne polymer-polymer hybrids[55]. The evolution of the particle 
morphology during the copolymerization of styrene (S) and butyl acrylate (BA) on methyl 
methacrylate (MMA)–BA seeds of different Tgs was determined by Cryo and conventional 
TEM. The capability of the model was checked by fitting the experimental data. 
2. Experimental section 
2.1. Material 
Methyl methacrylate (MMA) (Quimidroga), butyl acrylate (BA) (Quimidroga), styrene (S) 
(Quimidroga), acrylic acid (AA) (Aldrich) and acrylamide (AM) (Aldrich) were used as 
received. Sodium persulfate (NaPS) (Fluka), tert-Butyl hydroperoxide (TBHP) (Aldrich) and 
acetone bisulfate (ACBS) (BASF, Germany) were used as initiators. Sodium lauryl sulfate (SLS) 
(Aldrich) and Emulan-OG (BASF, Germany) were used as ionic and non-ionic emulsifiers, 
respectively. Deionized water (DI-water) was used in the emulsions and hydroquinone (Aldrich) 
was used for stopping the reaction in the samples withdrawn from the reactor. Ethanol (Aldrich) 
was used as internal standard in gas chromatography (GC). 
2.2. Synthesis of the latexes 
Table 1 summarizes the latexes synthesized. The composite polymer particles were synthesized 
by seeded semi-batch emulsion copolymerization using seeds with different Tgs. The seeds were 
7 
 
prepared using the formulation in Table 2. The theoretical Tgs given by the Flory-Fox 
equation[56] were Tgseed1=90 °C, Tgseed2=60°C and Tgseed3=40 °C. A one liter glass reactor with 
an anchor stirrer (160 rpm) was charged with 175 gr deionized water and heated to 80°C. Then, 
22.2 gr pre-emulsion (water, surfactants and monomers) and 2.5 gr initiator solution were 
injected to the reactor and polymerized for 15 minutes. The process was continued by pre-
emulsion feeding with the feed rate of 1.9 g/min in the first 15 minutes and 3 g/min in the next 
75 minutes.  The initiator solution was fed at constant rate during 90 minutes. Finally the latex 
was allowed to react batchwise for one hour to eliminate the unreacted monomers. The whole 
process was carried out under nitrogen. The final solids content of the seeds was 38.5 wt%. 
Table 1- Summary of the composite latexes synthesized. 
Case Monomer composition wt %(in a phase) 
Estimated 
Tg (°C) Initiator 
Reaction 
temperature 
(°C) 
1 Seed MMA/BA/AA/AM 88/10/1/1 90 NaPS 80 2nd stage St/BA/AA/AM 67/31/1/1 40 TBHP+ACBS 80 
2 Seed MMA/BA/AA/AM 75/23/1/1 60 NaPS 802nd stage St/BA/AA/AM 67/31/1/1 40 TBHP+ACBS 80 
3 Seed MMA/BA/AA/AM 64/34/1/1 40 NaPS 802nd stage St/BA/AA/AM 67/31/1/1 40 TBHP+ACBS 80 
 
Table 2. Formulation used to synthesize the seeds. Reaction temperature: 80°C. 
Material (g) 
Initial load Feeds 
 Pre-emulsion Initiator solution 
Seed 1 Seed 2 Seed 3 Seed 1 Seed 2 Seed 3  
DI-water 175+8 175+8 175+8 91.6 91.6 91.6  
Emulan OG 0.1 0.1 0.1 1.6 1.6 1.6  
SDS 0.1 0.1 0.1 1.6 1.6 1.6  
AM 0.1 0.1 0.1 1.6 1.6 1.6  
AA 0.1 0.1 0.1 1.6 1.6 1.6  
MMA 12.3 10.5 9.0 141.7 120.8 103.0  
BA 1.4 3.2 4.8 16.1 37.0 54.7  
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NaPS solution 
,7wt% 2.5 2.5 2.5    12.5 
 
The formulation used in the seeded semi-batch emulsion copolymerization is given in Table 3. 
The expected Tg of the second stage polymer was 40 °C. 1wt% of both AA and AM was 
included in the formulation of the seed and second stage polymer to improve the colloidal 
stability of the latexes. Relatively large final diameter of the composite latexes (250-300 nm) 
were targeted to facilitate the morphology characterization and to emphasize the kinetic effects 
during the evolution of the particle morphology. The polymerizations were carried out in the 
glass reactor used to prepare the seeds. The reactor was loaded with the seed and heated to 80°C. 
TBHP solution was added to the reactor as a shot and then the pre-emulsion and the aqueous 
solutions of ACBS were fed during 90 minutes.  After that, the unreacted monomers were 
removed by post-polymerization adding solution of TBHP and feeding aqueous solutions of 
ACBS for two hours. The whole process was carried out at 80°C under nitrogen. The final solids 
content was 47 wt% and coagulum free latexes were obtained.  
Table 3. Formulation used for the seeded semi-batch emulsion copolymerization. 
Material (g)  Initial 
load  
Pre-emulsion Initiator solutions 
(Main polymerization) 
Initiator solutions 
(Post polymerization) 
Seed 465.6    
DI-water  99.4   
Emulan OG  1.75   
SDS  1.75   
AM  1.75   
AA  1.75   
BA  54.25   
S  117.25   
TBHP solution, 24 wt%   3.65  
ACBS solution, 13.1wt%  12 4.8 
TBHP solution, 10 wt%    3.5 
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2.3. Characterization  
The instantaneous conversion of samples withdrawn during the second stage polymerization was 
measured by gas chromatography (GC), using ethanol as internal standard. A GC apparatus (HP 
6890 series) equipped with a HP 7694E headspace sampler and a BP 20 capillary column was 
used.  
Particle sizes were measured by dynamic light scattering (DLS) using a Zetasizer Nano Series 
(Malvern Instrument). For the analysis the latex was diluted in DI-water to 0.005 wt%. The 
reported average particle size values represent an average of three repeated measurements. 
Transmission electron microscopy (TEM) was carried out with a TecnaiTM G2 20 Twin device at 
200 kV (FEI Electron Microscopes). The latexes were diluted with deionized water up to 0.05 
wt% solids content, one drop of the dilution was placed on carbon coated copper grid and dried 
at ambient temperature. TEM samples stained with RuO4 vapor for 1 hour to increase the 
contrast of the images. Particle morphology was also determined by Cryo-TEM and for the 
preparation of the samples one drop of the sample (3 l) was deposited in a copper grid (300 
mesh, R QUANTIFOIL R 2/2 EMS, Hat-field, PA, USA, hydrophilized by glow-discharged 
treatment just prior to use) within the environmental chamber of a FEI Vitrobot Mark IV 
(Eindhoven, The Netherlands) and the excess liquid was blotted away. The sample was 
introduced into liquid nitrogen and transferred to a Single Tilt Cryo-Holder. The Cryo-Holder 
was previously prepared by 655 Turbo Pumping Station to maintain the sample below –170C 
and to minimize the thermal derive. The reason for using these two techniques is that they are 
complementary.  Cryo-TEM gives a good representation of the topography of the surface of the 
particles whereas TEM of stained samples provides better contrast between phases and therefore 
a better idea of the particle morphology. 
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Environmental Scanning Electron Microscopy (ESEM) images were obtained in a Quanta 250 
FEG ESEM (FEI, Netherlands) equipped with a Peltier cooling stage and a gaseous secondary 
electron detector [57] using the conditions reported by Gonzalez-Matheus et al.[58]. The 
temperature increased from 0°C with the ramp of 10 °C/min to 90 °C. After every temperature 
increase (either 5 °C or 10 °C), the samples were kept for 10 minutes at constant temperature and 
then images were taken. 
Modulated differential scanning calorimetry (M-DSC) was used to estimate the extent of 
interpenetration of the two polymers.[59] For a completely phase separated system, the 
derivative of the heat capacity (dCp/dT) presents two peaks, the maxima are the glass transition 
temperatures of the polymers and the dCp/dT between the two peaks is close to the baseline. 
When intermixing occurs, the dCp/dT in the region between the two peaks is higher than the 
baseline and the peaks are smaller and maybe closer to each other. The samples were dried at 
ambient temperature, which is lower than the Tg of the softer phase in the polymer composite 
latex, to prevent the film formation that can change particle morphology [60]. Samples were 
characterized using the method reported by Jiang et al[61] . The measurements were carried out 
in a Q2000 equipment (TA instruments). The results of the first heating cycle were considered to 
represent the morphology of polymer particles as changes in the morphology are expected upon 
heating.  
Minimum film forming temperatures (MFFT) were measured in an MFFT bar. A wet layer of 
latex with 90µm of thickness was formed on the metal bar that had a temperature gradient. The 
lowest temperature at which a transparent film had a uniform knife cut after one hour of film 
formation was considered as MFFT. 
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3. Results and discussion 
Figures 1, 4 and 5 present the evolution of the instantaneous conversions and particle 
morphology during the seeded emulsion copolymerization for the cases were the Tg of the seed 
was modified (86 ºC, 63 ºC and 46 ºC for Cases 1, 2 and 3, respectively). The Tg of the second 
stage copolymer was 45-49 ºC. 
 It can be seen in Figure 1 that the average instantaneous conversion was about 94 % based on 
total polymer plus monomer in the reactor in the first 90 minutes, namely that the polymer 
particles contained about 6% of monomer. The amount of monomer in the polymer particles 
determined the effective Tgs as the monomer plasticizes the polymers. The effective Tg of the 
seed can be estimated as follows: [62]  
௚ܶ ൌ ௚ܶ௣ ൅ ሺߢ ௚ܶெ െ ௚ܶ௉ሻ߶ெ1 ൅ ሺߢ െ 1ሻ߶ெ 							ሺ1ሻ 
where TgP and TgM are glass transition temperatures of polymer 1 and monomer 2, ߶ெ is the 
monomer fraction in the polymer and ߢ is a constant varying from 1 to 3[62] that was taken to be 
2 . TgM  can be estimated as ଶଷ ௠ܶ௘௟௧ெ, where TmeltM is the melting point of the monomer [63]. The 
TgM of the S/BA monomer mixture was calculated using the Tmelt of monomers[64] and the 
Flory-Fox equation. Considering that, ߶ெ= 0.06, TgP = 359 K and TgM = 154 K, the estimated 
effective Tg of the seed was 62.8 °C, namely below the reaction temperature. Figure 1 presents 
the evolution of the particle morphology as measured by cryo-TEM (Figure 1a) and by TEM of 
samples stained with RuO4 (Figure 1b).  Figure 1a gives a good image of the surface topography 
mainly at the beginning of the process and particle morphology is better seen in Figure 1b (dark 
areas in the images corresponds to the styrene rich second stage polymer). Figure 1 shows that at 
the early stages of the reaction (30 min sample), many small lobes were formed on the surface of 
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the particles (this is more clearly seen in Figure 1a). The size of the lobes increased and their 
number decreased with time during the semi-continuous operation. The lobes grew by the 
combined effect of polymerization and coagulation. No significant changes of the particle 
morphologies were observed during post-polymerization. It is worth mentioning that the post-
polymerization process was performed at a temperature lower than the Tg of the hardest phase in 
the composite latex particles. The images in Figure 1 suggest that the lobes accounted for most 
of the second stage polymer, namely, that even though the inverted core-shell (i.e. with the PS 
rich polymer in the core) was the equilibrium morphology, there was almost no penetration of 
the second stage polymer in the seed. This can be due to strong concentration profiles of radicals 
and/or monomer. However, the simulations presented in Supporting Information (Figure S1) 
show that the monomer was homogeneously distributed within the polymer particles. Therefore, 
the observed effect should be due to a rapidly decreasing radical concentration profile. It is worth 
mentioning that the redox initiator used in the semibatch process produced non-charged 
hydrophobic radicals in the aqueous phase. Therefore, the radical concentration profile was not 
due to anchoring of the entering radical to the surface of the particle, but to the slow diffusion of 
the growing polymer chain through the particles. 
The results presented in Figure 1 suggest that the surface of the particles was covered by lobes of 
the PS rich polymer. However, the MFFT of this latex was 80C, which is much higher than the 
Tg of the lobes (45 ºC) and closer to the Tg of the polymer forming the seed. This is inconsistent 
with a particle morphology with 50% of the polymer forming soft lobes on the particle surface. 
Particle coalescence was further checked by ESEM measurements at different temperatures.  
Figure 2 shows that the multi-lobed composite particles started to coalesce after 10 minutes at a 
temperature between 60 ºC and 70 ºC. 
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(a) 
 
(b) 
Figure 1. Evolution of the instantaneous conversion and particle morphology during the seeded 
emulsion polymerization (Case 1, Tgseed = 86 ºC) a) Cryo-TEM images, scale bar is 100 nm 
(image magnification: 50000); b) TEM image of RuO4 stained samples, scale bar is 200 nm 
(image magnification: 25000). 
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(a) 30 °C (b) 40°C 
(c) 45 °C 
 
(d) 50 °C
(e) 60 °C (f) 70°C 
 
Figure 2-Coalescence of Case 1 polymer particles in the ESEM at different temperatures:  
(a) 30°C; (b) 40°C; (c) 45°C; (d) 50°C; (e) 60°C; (f)70°C. Heating ramp between temperatures: 
10°C/min. Time at each constant temperature: 10 min 
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The high temperature needed to form a film can be due to lower effective fraction of the soft 
polymer on the surface due to a high level of interpenetration between two polymers. However, 
no proof for this interpenetration was found in the modulated DSC experiments for Case 1. 
Figure 3 shows two clear peaks and that the value of dCp/dT in the region between peaks was 
close to the baseline, which indicates that there was not intermixing between the polymers. This 
is further supported by the fact that there was no difference between the first and second cycles. 
It is worth pointing out that the differences in the baseline in the glassy and the rubbery regions 
are due to the difference in temperature sensitivity of the Cp of the polymer in glass and melt 
states[65]. A possible reason for the high MFFT is that the PS-rich clusters were embedded in 
the hard polymer forming the seed, so that the external surface of the lobes was formed by the 
MMA-rich polymer, which hindered film formation at low temperatures. 
 
Figure 3-dCp/dT from M-DSC for Case 1. 
Figure 4 presents the evolution of the instantaneous conversion and the particle morphology for 
Case 2 that used a seed with a Tg= 63C. The process was carried out under very starved 
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conditions (the average instantaneous conversion was 98.5%). Taking into account the free 
monomer in the system, the effective Tg of the seed calculated with equation 1 was 57.6 °C, 
namely below the reaction temperature. 
Figure 4 shows that at the beginning of the process clusters of the second stage polymer were 
formed near the surface of the particles, but not as close to the surface as in Case 1 (Figure 1). 
During the reaction, the size of clusters increased and their number decreased, likely due to the 
combined effect of polymerization within the clusters and coagulation between them. At the end 
of the process, multilobbed polymer particles were obtained although the clusters forming the 
lobes were better embedded in the particle than for Case 1. The difference was attributed to the 
lower Tg of the seed that allowed more migration of the clusters toward the inverted core-shell 
equilibrium morphology. 
The minimum film forming temperature for this latex was 60C, which was very close to Tg of 
the seed (63C). ESEM images of Case 2 showed that particle coagulation started at 51C 
(supporting information, Figure S3). These results indicate that in this case also the surface of the 
clusters of the second stage polymer were covered by the MMA-rich harder polymer.  
 
17 
 
 
 
Figure 4. Evolution of the instantaneous conversion and particle morphology (TEM images of the RuO4 stained samples) during the 
seeded emulsion polymerization (Case 2, Tgseed = 63 ºC). Scale bar is 100nm (image magnification of 50000 ).
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Figure 5 presents the evolution of the instantaneous conversion and particle morphology for 
Case 3 where a seed with a Tg=46C was used. Taking into account the free monomer, the 
effective Tg of the seed was estimated to be 26.5 C. As in Cases 1 and 2, initially many 
small clusters were formed that later evolved to larger and fewer ones. The main difference 
with respect to the previous cases is that the clusters penetrated more within the particle and 
relatively spherical particles were obtained at the end of the process. The reason was the 
low effective Tg of the seed that allowed migration of the clusters and perhaps a faster 
diffusion of the radicals that might result in a flatter radical concentration in the particles. In 
this case, the MMFT does not provide any information about the morphology because both 
polymers have the same Tg. 
The evolutions of the particle morphology presented above were analyzed using a recently 
developed mathematical model.[53] In this model, the particle morphology is characterized 
by means of cluster size distributions (in a similar way as a polymer is characterized by the 
molar mass distribution). The model accounts for the radical concentration profile and the 
profile was discretized in two regions, one close to the surface and the other representing 
the rest of the particle as illustrated in Figure 6. The model distinguishes between clusters at 
equilibrium positions (for the cases in this work, the equilibrium position was the center of 
the particle) and non-equilibrium positions (see Figure 6).  In addition, the discretization of 
the radical concentration profile divides the clusters at non-equilibrium profile into two 
distributions. Therefore, the particle morphology is characterized by three distributions as 
illustrated in Figure 6.  
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Figure 5. Evolution of the instantaneous conversion and particle morphology (TEM images of the RuO4 stained samples) during the seeded 
emulsion polymerization (Case 3, Tgseed = 46 ºC). Scale bar is 200nm (image magnification of 25000).
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Figure 6. Illustration of the equilibrium and non-equilibrium positions considered in the 
mathematical model. 
The population balances of the three types of the clusters, the balance for the radical 
concentration profile and the values of the parameters are given in the Supporting Information. 
The adjustable parameters of the model are the rate coefficient of coagulation (݇௔଴), movement 
of the clusters to the non-equilibrium interior region and to the equilibrium position 
(݇௠௢௩ଵ	, ݇௠௢௩ଶ), the mass transfer coefficient of the polymer from matrix to the clusters (݇ௗ଴	௣௢௟ଶ) 
and the cluster nucleation rate coefficient (݇௡). In the model, a defined 
size	ሺݔ௖	, ݉݋݊݋݉݁ݎ	ݑ݊݅ݐݏሻ was considered as the size of the nucleated clusters and it was shown 
in the previous work that in a certain range, this size does not affect the particle morphology[53]. 
In addition, to calculate the radical diffusion coefficient a constant kinetic chain length for the 
growing radical was assumed and a dependency parameter to the chain length (β) was estimated 
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(see SI for details). The model accounts for the effect of the operation variables (such as 
effective glass transition of the medium, instantaneous conversion, temperature, etc.) on the 
adjustable parameters of the model and hence on the particle morphology. It is worth mentioning 
that due to the limited available experimental images and the fact that the TEM provides 2D 
images with no clear indication of the location of the clusters, transferring of the morphologies of 
the TEM images to a distribution was not possible. Therefore comparison between simulated and 
experimental morphologies was made visually.  
Figures 7-9 present a comparison of the experimental evolution of the particle morphology and 
the mass cluster distribution predicted by the model with the parameters given in the Table S1 in 
the Supporting Information for Cases 1-3. It can be seen that the model captured well the 
evolution of the particle morphology. Figure 7 shows that for Case 1 where a high Tg seed 
(86C) was used, the model predicted that most of the second stage polymer was in the outer part 
of the non-equilibrium positions. Figure 8 shows that for Case 2 (Tg seed=63C), most of the 
second stage polymer was at non-equilibrium positions, and the main part of it was in the inner 
region of the non-equilibrium positions. This is in good agreement with the TEM images that 
show that the clusters are more embedded in the particle than for Case 1. For Case 3 (Figure 9) 
where the softest seed (Tg seed=46C) was used, the amount of second stage polymer in the outer 
shell of the non-equilibrium position was very small and the styrene rich polymer was distributed 
between the clusters in the inner region of the non-equilibrium positions and the core 
(equilibrium position). This is in a nice agreement with the TEM images of the particles that 
show that at the end of the process no cluster was at the surface of the particles. 
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Figure 7. Comparison between the evolution of the experimental particle morphology and the predicted mass cluster distributions for 
Case 1. (m1 (blue): clusters in the outer shell of the non-equilibrium positions; m2 (orange): clusters in the inner region of the non-
equilibrium positions; n (yellow): clusters at equilibrium positions). Scale bar is 200 nm (image magnification of 25000) in the TEM 
images. 
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Figure 8. Comparison between the evolution of the experimental particle morphology and the predicted mass cluster distributions for 
Case 2. (m1 (blue): clusters in the outer shell of the non-equilibrium positions; m2 (orange): clusters in the inner region of the non-
equilibrium positions; n (yellow): clusters at equilibrium positions). Scale bar is 100 nm (image magnification of 50000) in TEM 
images. 
 
 
 
 
 
 
24 
 
     
 
Figure 9. Comparison between the evolution of the experimental particle morphology and the predicted mass cluster distributions for 
Case 3. (m1 (blue): clusters in the outer shell of the non-equilibrium positions; m2 (orange): clusters in the inner region of the non-
equilibrium positions; n (yellow): clusters at equilibrium positions). Scale bar is 200 nm (image magnification of 25000) in TEM 
images.
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Figure 10 gives a visual comparison of the TEM images of the final samples and the TEM-like 
images generated from the distributions in Figures 7-9 (see reference 54 for details on how the 
TEM-like images are obtained). It can be seen that the model captured very well the 
experimental observations. 
Case 1  Case 2  Case 3 
   
     
Figure 10. Comparison between the TEM images of the final samples and the TEM-like 
particles generated from the cluster distributions. 
 
4. Conclusions: 
Polymer-polymer composite nanoparticles have opened a wide range of new application for 
waterborne dispersions and their performance strongly depends on particle morphology. This has 
triggered the research in the field that has provided qualitative guidance for the effect of the 
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process variables on the particle morphology. However, for the design and the implementation of 
optimal polymerization strategies a mathematical model is needed.  
This work aims at evaluating the capability of a recently developed model for the development 
of the morphology of waterborne composite particles to describe the evolution of the particle 
morphology during seeded semi-batch emulsion polymerizations. This is the most widely used 
process for the production of waterborne polymer-polymer hybrids. 
Poly (MMA-co-BA) seeds with different Tgs (86°C, 63°C and 46°C) were prepared by semi-
continuous emulsion polymerization using various MMA/BA ratios. The second stage polymer 
was a copolymer of styrene and butyl acrylate with a Tg of 45-49 °C. This copolymer was more 
hydrophobic than the seed, therefore, the equilibrium morphology was inverted core-shell. The 
evolution of the morphology was determined by Cryo TEM and TEM of RuO4 stained samples. 
It was found that in the initial stages of the process, many of small lobes were formed at the 
surface of the seed. The size of the lobes increased and their number decreased by the combined 
effect of polymerization and coagulation. The softer the seed, the more the lobes penetrate in the 
particles.  
The performance of the model was checked against the experimental data finding that the model 
captured well the effect of the process variables on the evolution of the particle morphology. 
This opens the way to both process optimization and online control of the particle morphology. 
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Supporting Information  
Experimental validation of a mathematical model for the evolution of the 
particle morphology of waterborne polymer-polymer hybrids: paving the way 
to the design and implementation of optimal polymerization strategies  
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Country UPV/EHU, Joxe Mari Korta Zentroa, Tolosa Hiribidea 72, 20018, Donostia-San 
Sebastian, Spain 
Monomer and radical concentration profiles: 
The monomer concentration profile in the polymer particle was calculated via solving the 
following partial differential equation by orthogonal collocation[1]: 
																									 ∂ሾܯሿሺݐ, ݎሻ∂ݐ ൌ ׏ଶܦெሾܯሿሺݐ, ݎሻ െ ݇௣ሾܴሿሺݐ, ݎሻሾܯሿሺݐ, ݎሻ																																					ሺܵ1ሻ 
where ሾܯሿሺݐ, ݎሻ and ሾܴሿሺݐ, ݎሻ are the monomer and radical concentrations at time t and radius of 
r, respectively. ܦெ is the monomer diffusion coefficient and	݇௣ is the propagation rate 
coefficient. 
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The diffusion constant of the monomer ܦெ was calculated using a modified Vrentas-Duda free-
volume model of small molecule diffusion in binary polymer solutions[2]:  
logܦெ ൌ logܦ െ ܧ2.303ܴܶ െ
1
2.303
ۏ
ێ
ێ
ۍሺ1 െ ݓଶሻ ෠ܸଵ∗ ൅ £ݓଶ ෠ܸଶ∗
෠ܸ௙ ے
ۑ
ۑ
ې
						ሺܵ2ሻ 
෠ܸ௙
 ൌ ሺ1 െ ݓଶሻ ൬
ܭଵଵ
 ൰ ሺܭଶଵ ൅ ܶ െ ܶ݃ଵሻ ൅ ݓଶ ൬
ܭଵଶ
 ൰ ሾܭଶଶ ൅ ܽሺܶ െ ܶ݃ଶሻ								ሺܵ3ሻ 
where ܦ  and ܧ are the pre-exponential factor and activation energy of the monomer diffusion 
coefficient, respectively. ܽ is the ratio between the coefficients of thermal expansion of the 
polymer below and above Tg of polymer. ௄భభఊ ,	
௄భమ
ఊ  ,ܭଶଵ,	ܭଶଶ are free volume parameters. ܶ݃ଵ	and 
ܶ݃ଶ are monomer and polymer glass transition temperatures, respectively.	ܶ is the reaction 
temperature.	 ෠ܸଵ	∗ and ෠ܸଶ∗ are specific volumes of monomer and polymer, respectively.	ݓଶ is the 
weight fraction of polymer.	£  is the size parameter[2] and ௏෡೑  is the solution free volume. The 
values of the parameters used are given in Table S1. 
Figure S1 shows a representative monomer concentration profile in the particle with a 
ሾܯሿሺ0, ݎ௣ሻ=0.377 mol/L (which corresponds to ௉௢௟ ൌ 0.96ሻ and Tgseed = 90 C at Treaction= 
80C. 
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Figure S1. Monomer concentration profile in the particle (mol/L) with ܦெ ൌ 3.17 ൈ 10ିଵସ m2/s. 
(ሾܯሿሺ0, ݎ௣ሻ=0.377 mol/L (which corresponds to ௉௢௟ ൌ 0.96ሻ and Tgseed = 90C at Treaction= 
80C). 
 
The radical concentration profile in the polymer particle was calculated via solving the following 
partial differential equation by orthogonal collocation on finite elements. [1] 
																																∂ሾܴሿሺݐ, ݎሻ∂ݐ ൌ ܦோ׏
ଶሾܴሿሺݐ, ݎሻ െ ݇௧ሾܴሿଶሺݐ, ݎሻ																																													ሺܵ4ሻ 
where ܦோ is the radical diffusion coefficient and ݇௧ is the termination rate coefficient. It is worth 
mentioning that the redox initiator used in the semibatch process produced non-charged 
hydrophobic radicals in the aqueous phase. Therefore, anchoring of the entering radical to the 
surface of the particle was not considered. The diffusion coefficient for radicals was reported to 
show a power-law variation with chain length[3]. In this work a constant kinetic chain length for 
the growing radical was assumed in the simulations (half of the degree of the polymerization of 
polymer 2,	ሺ̅ݔ௠ሻ considering that termination reaction occurs by combination) and dependency 
parameter (ߚ) was considered as adjusting parameter: 
4 
 
																																ܦோ ൌ ܦெሺ̅ݔ௠/2ሻఉ 																																																																												ሺܵ5ሻ 
 The value of the parameters are presented in Table S1. Figure S2 shows a representative radical 
concentration profile in the particle with ሾܯሿሺݐ, ݎሻ=0.377 mol/L (corresponds to the ௉௢௟ ൌ
0.96ሻ and Tgseed= 90C at Treaction= 80C. 
 
Figure S2. Radical concentration profile (mol/L) in the particle with ܦோ ൌ 2.04 ൈ 10ିଵ଺m2/s. 
(ሾܯሿሺݐ, ݎሻ= 0.377 mol/L (corresponds to the ௉௢௟ ൌ 0.96ሻ and Tgseed= 90C at Treaction= 80C). 
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(a) 20 °C 
 
(b) 30 °C 
 
(c) 40 °C 
 
(d) 51 °C 
 
Figure S3-Coalescence of latex Case 2 polymer particles in the ESEM at different temperatures: 
(a) 20°C; (b) 30°C; (c) 40°C; (d) 51°C. Heating ramp between temperatures was 10°C/min. 
Waiting time at each constant temperature was 10 min. 
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Population balances of clusters at non-equilibrium and equilibrium positions: 
݀݉1ሺݔሻ
݀ݐ ൌ 	 ൫1 െ ௫೎൯ݎ௣௠ଵሺݔ െ 1ሻ݉1ሺݔ െ 1ሻ െ ݎ௣௠ଵሺݔሻ݉1ሺݔሻ 
൅	ሺ1 െ ௫௖ሻݎௗ௠ଵሺݔ െ ̅ݔ௠ሻ	݉1ሺݔ െ ̅ݔ௠ሻ െ ݎௗ௠ଵሺݔሻ݉1ሺݔሻ	 
൅൫1 െ ௫ஸଶ௫೎൯௠ሺݔሻ
݇௔
௣ܸ
൬1 െ 1݉1௔௩൰න ݉1ሺݖሻ݉1ሺݔ െ ݖሻ݀ݖ
௫ି௫೎
௫೎
 
െ2݉1ሺݔሻ ݇௔
௣ܸ
൬1 െ 1݉1௔௩൰න ௠ሺݔ ൅ ݖሻ݉1ሺݖሻ
௫೘ೌೣ	–௫
௫೎
݀ݖ		 
																										െ݇௠௢௩ଵ݉1ሺݔሻ ൅	௫೎ݎ௡௨௖																																				                            (S6) 
                                                                 
݀݉2ሺݔሻ
݀ݐ ൌ 	 ൫1 െ ௫೎൯ݎ௣௠ଶሺݔ െ 1ሻ݉2ሺݔ െ 1ሻ െ ݎ௣௠ଶሺݔሻ݉2ሺݔሻ 
൅	ሺ1 െ ௫௖ሻݎௗ௠ଶሺݔ െ ̅ݔ௠ሻ	݉2ሺݔ െ ̅ݔ௠ሻ െ ݎௗ௠ଶሺݔሻ݉2ሺݔሻ	 
൅൫1 െ ௫ஸଶ௫೎൯௠ሺݔሻ
݇௔
௣ܸ
൬1 െ 1݉2௔௩൰න ݉2ሺݖሻ݉2ሺݔ െ ݖሻ݀ݖ
௫ି௫೎
௫೎
 
െ2݉2ሺݔሻ ݇௔
௣ܸ
൬1 െ 1݉2௔௩൰න ௠ሺݔ ൅ ݖሻ݉2ሺݖሻ
௫೘ೌೣ	–௫
௫೎
݀ݖ 
																				൅݇௠௢௩ଵ݉1ሺݔሻ 	െ ݉2ሺݔሻ ௞೘೚ೡమ௏೛ ׬ ௠ሺݔ ൅ ݖሻ݊ሺݖሻ
௫೘ೌೣ	–௫
௫೎ ൅	௫೎ݎ௡௨௖													ሺܵ7ሻ							    
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݀݊ሺݔሻ
݀ݐ ൌ 	 ሺ1 െ ௫೎ሻݎ௣௡ሺݔ െ 1ሻ݊ሺݔ െ 1ሻ െ ݎ௣௡ሺݔሻ݊ሺݔሻ 
൅	ሺ1 െ ௫೎ሻݎௗ௡ሺݔ െ ̅ݔ௠ሻ	݊ሺݔ െ ̅ݔ௠ሻ െ ݎௗ௡ሺݔሻ݊ሺݔሻ 
൅൫1 െ ௫ஸଶ௫೎൯௡ሺݔሻ
݇௠௢௩ଶ
௣ܸ
න ݉2ሺݖሻ݊ሺݔ െ ݖሻ
௫ି௫೎
௫೎
݀ݖ	 
                          – ݊ሺݔሻ ௞೘೚ೡమ௏೛ ׬ ௡ሺݔ ൅ ݖሻ݉2ሺݖሻ݀ݖ
௫೘ೌೣ	–௫
௫೎                                    (S8) 
 
Table S1. Values of the parameters used in the model 
Parameter value Reference 
݇௣,஻஺ (L/mol.s) 2.21 ൈ 10଻expሺെ17.9/RTሻ  [4] 
݇௣,ௌ௧ (L/mol.s) 4.27 ൈ 10଻expሺെ32.5/RTሻ  [5] 
rSt 0.95 [6] 
rBA 0.18 [6] 
݇௔଴ሺܮ/ݏሻ+ 110ିଶଶ This work 
݇௠௢௩ଵሺ1/ݏሻ+ 110ିଷ This work 
݇௠௢௩ଶሺܮ/ݏሻ+ 810ିହ This work 
݇ௗ଴	௣௢௟ଶሺmol/dm2.s)+ 510ିଵ଴ This work 
݇௡ሺ݉݋݈/ݏሻ+ 510ିଶ This work 
ݔ௖ (monomeric units)+ 410ସ [7] 
̅ݔ௠ሺmonomeric	unitsሻା 510ଷ [7] 
Parameters for monomer and radical diffusion coefficient calculations++ 
D  (cm2/s) 1.61ൈ 10ିଷ [2] 
E (cal/mol) 778 [2] 
£ 0.6 [2] 
෠ܸଵ∗(cm3/g) 0.87 [2] ෠ܸଶ∗(cm3/g) 0.757 [2] ௄భభ
ఊ  (cm
3/g.K) 0.815 ൈ 10ିଷ [2] 
ܭଶଵ(K) 143 [2] ௄భమ
ఊ (cm
3/g.K) 0.477 ൈ 10ିଷ [2] 
ܭଶଶ(K) 52.38 [2] 
ܽ 0.44 [2] 
Β+  0.645 This work 
                   + Model parameters 
                     ++ The parameters are for diffusion of MMA monomer in PMMA. 
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Nomenclature:   
ܽ : Ratio of the coefficients of thermal expansion of the polymer below and above Tg of polymer  
D: Pre-exponential factor of monomer diffusion coefficient (cm2/s) 
E: Activation energy of monomer diffusion coefficient (cal/mol) 
௄భభ
ఊ ,	
௄భమ
ఊ  : Free volume parameters(cm
3/g.K) 
 ܭଶଵ, ܭଶଶ: Free volume parametersሺKሻ 
݇ௗ௣௢௟ଶ: Mass transfer rate coefficient of Polymer 2ሺmol/dm2.s) 
݇௣: Propagation rate constant (L/mol.s) 
݇௔: Rate coefficient for cluster coagulation	ሺܮ/ݏሻ 
݇௠௢௩ଵ: Rate coefficient movement to non-equilibrium interior position ሺ1/ݏሻ  
݇௠௢௩ଶ´: Rate coefficient for movement to equilibrium position ሺܮ/ݏሻ  
݇௡: Rate coefficient for nucleation ሺ݉݋݈/ݏሻ  
݉1ሺݔሻ: Number of clusters with size ݔ at non-equilibrium exterior positions 
݉2ሺݔሻ: Number of clusters with size ݔ at non-equilibrium interior positions 
݉௔௩: Average number of clusters at non-equilibrium positions per particle 
݊ሺݔሻ:	 Number of clusters with size ݔ at equilibrium positions 
݊௔௩: Average number of clusters at equilibrium position per particle 
ݎ௣: Radius of polymer particle (m)  
ݎ௣௠ሺݔሻ: Polymerization rate of non-equilibrium clusters with x monomer units (1/s) 
ݎ௣௡ሺݔሻ: Polymerization rate of equilibrium clusters with x monomer units (1/s) 
ݎ௡௨௖:	Rate of nucleation (1/s) 
ܶ݃ଵ: Monomer glass transition temperature (K) 
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ܶ݃ଶ: Polymer glass transition temperature (K) 
෠ܸଵ	∗: Specific volume of monomer (cm3/g) 
෠ܸଶ∗: Specific volume of polymer (cm3/g) 
௣ܸ:  Total volume of polymer particles (L)  
ݓଶ: Weight fraction of polymer 
ݔ: Number of polymerized monomer units 
ݔ௖: Initial size (number of monomeric units) of the clusters formed by phase separation  
ݔ௠௔௫: Maximum size (number of monomeric units) of clusters  
̅ݔ௠: Average degree of polymerization of polymer 2 
௠,௡ሺݔሻ : Probability of coagulation of clusters with sizes higher than the average value 
ߚ: Parameter of the diffusion constant of radicals  
£ : Size parameter 
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